Sepsis induces extensive lymphocyte apoptosis, a process which may be beneficial to host survival by down-regulating the inflammatory response or, alternatively, harmful by impairing host defenses. To determine the beneficial vs. adverse effects of lymphocyte apoptosis in sepsis, we blocked lymphocyte apoptosis either by N-benzyloxycarbonyl-Val-Ala-Asp(O-methyl) fluoromethyl ketone (z-VAD), a broad-spectrum caspase inhibitor, or by use of Bcl-2 Ig transgenic mice that selectively overexpress the antiapoptotic protein Bcl-2 in a lymphoid pattern. Both z-VAD and Bcl-2 prevented lymphocyte apoptosis and resulted in a marked improvement in survival. z-VAD did not decrease lymphocyte tumor necrosis factor-␣ production. Considered together, these two studies employing different methods of blocking lymphocyte apoptosis provide compelling evidence that immunodepression resulting from the loss of lymphocytes is a central pathogenic event in sepsis, and they challenge the current paradigm that regards sepsis as a disorder resulting from an uncontrolled inflammatory response. Caspase inhibitors may represent a treatment strategy in this highly lethal disorder.
S
epsis is the leading cause of death in many intensive care units (1) . The Centers for Disease Control estimated that over 500,000 people develop sepsis and 175,000 die annually in the United States alone (1) . Recently, apoptosis has been identified as an important cause of lymphocyte cell death in sepsis (2) (3) (4) . Sepsis results in activation of numerous proinflammatory mediators, which may damage cells and result in organ injury. A major focus of sepsis research has been the development of antiinflammatory strategies, e.g., antiendotoxin or anticytokine agents (5) . If a hyperinflammatory state exists, apoptosis may be beneficial to the host by eliminating lymphocytes that produce excessive proinflammatory cytokines (4, 5) . Conversely, lymphocyte apoptosis may be harmful in sepsis by causing depletion of lymphocytes that are essential for defense against invading microorganisms (4, 5) .
Numerous studies demonstrate the key role of the ''executioner'' cysteine-aspartate proteases (termed ''caspases'') that are triggered in response to proapoptotic stimuli and that result in disassembly of the cell (6, 7) . The decisive role of caspases in the cell death program has been demonstrated by studies in which pharmacologic blocking of caspase activation prevented apoptosis and improved organ function and͞or survival in animal models of ischemia͞reperfusion injury and meningitis (8) (9) (10) (11) .
Apoptosis is also modulated by the bcl-2 gene family, which contains both pro-and antiapoptotic members (12) (13) (14) . The protein product Bcl-2 can prevent apoptotic cell death from a wide array of adverse stimuli, including hypoxia, serum and growth factor withdrawal, glucocorticoids, and ionizing irradiation, among others (15, 16) .
The present experiments were performed to determine whether either caspase inhibition or Bcl-2 overexpression could prevent sepsis-induced lymphocyte apoptosis. Survival studies were also undertaken to show whether prevention of lymphocyte apoptosis could result in an improvement in survival in a clinically relevant animal model of sepsis. Investigation of potential mechanisms responsible for the antiapoptotic effect of Bcl-2 and N-benzyloxycarbonyl-Val-Ala-Asp(O-methyl) f luoromethyl ketone (z-VAD) were performed as well.
Herein, we show that use of a pan-caspase inhibitor or Bcl-2 overexpression prevents lymphocyte apoptosis in sepsis. Significantly, both therapies caused a marked improvement in survival as well. These findings suggest that (i) immunodepression resulting from the loss of lymphocytes is a key mechanism in sepsis, and (ii) caspase inhibitors may provide a strategy to improve outcome in sepsis.
Methods
Bcl-2-Immunoglobulin Transgenic Mice. Generation of the bcl-2-Ig transgenic mice has been described previously (17) . Briefly, the molecular consequences of the t(14;18)(q32;q21) chromosome were reconstructed by generating minigene constructs of the bcl-2-Ig gene found on the der(14) chromosome. bcl-2-Ig constructs were microinjected into the pronuclei of C57B6͞J ϫ C3H͞He F 1 fertilized eggs, and two-cell stage embryos were reimplanted into pseudopregnant ICR outbred females. The resultant bcl-2-Ig transgenics (B6C3F1) were backcrossed to B6C3F1 mice for over six generations. The tissue-specific expression of the bcl-2-Ig transgene was examined in a variety of organs, and all transgenic mice examined demonstrated a lymphoid pattern of expression revealing transcripts in spleen and thymus. In the present study, PCR of tail-snip DNA was performed to identify the human bcl-2 in transgenic mice. Tails from transgenic mice were positive for human bcl-2, whereas tails from wild-type control mice were negative (data not shown).
Sepsis Model: Cecal Ligation and Puncture (CLP).
Mice weighing 18-26 g (8-12 wk of age) were housed for at least 3 days before manipulations. The CLP model was used to induce intraabdominal peritonitis, as described previously (4). As described previously, blood cultures are positive for many aerobic and anaerobic Gram-positive and Gram-negative bacteria in CLP, but not sham-operated mice. Mice were anesthetized with halothane, and a midline abdominal incision was made. The cecum was mobilized, ligated below the ileocecal valve, and punctured twice with a 25-gauge needle. The abdomen was closed in two layers, and the mice were injected s.c. with 1.0 ml of 0.9% saline. Sham-operated mice were handled in the same manner, except the cecum was not ligated or punctured.
Survival Studies. Bcl-2. The methods for the survival studies have been described previously (18) . Bcl-2 overexpressor mice and age and sex-matched B6C3F1 mice underwent CLP. Approximately 1 hr after CLP, mice received metronidazole (35 mg͞kg) and cefriazone (50 mg͞kg) by i.p. injection. Antibiotics were repeated every 12 hr for 48 hr and then discontinued. Mice were allowed free access to food and water.
z-VAD. z-VAD was purchased from Enzyme Systems Products (Livermore, CA). z-VAD was dissolved in DMSO and then diluted in PBS (15% vol͞vol). For z-VAD survival studies, female ND4 mice (18-25 g) (Harlan, Omaha, NE) were used. Thirty minutes after CLP, mice received metronidazole and ceftriazone. The dose and time of z-VAD administration relative to CLP are provided in Fig. 5 .
A commonly employed negative control inhibitor, z-FA-FMK (19) (20) (21) , was purchased from Enzyme Systems Products and was dissolved and given in the same manner as z-VAD. z-FA-FMK lacks aspartate in the P 1 position and therefore does not block caspase activity (19) (20) (21) . The results are shown in Fig. 5D .
Flow Cytometry. Flow cytometry was performed as previously described (18) . Briefly, tissue sections from thymi (10-20 mg) or spleens (100-200 mg) were gently glass-ground to dissociate the cells, which were washed twice in PBS with 1% BSA and 0.01% sodium azide. Red cells were lysed by hypotonic lysis in ice-cold ammonium chloride. The cells were resuspended in PBS, and the desired fluorescent indicator was added. The degree of apoptosis was quantified by using a commercially available kit with fluorescein-labeled annexin V (R & D Systems), as previously described (18) . Mouse T and B cells were identified by using fluorescently labeled anti-mouse mAbs specific for the desired cell subtype (PharMingen). Identification of apoptotic cells and cell phenotyping were performed simultaneously on a FACSCalibur (Becton Dickinson).
Cytokine Analysis. To determine the effect of z-VAD on cytokine production, isolated thymocytes were prepared and incubated in cell culture medium (RPMI 1640) at 37°C under 95% O 2 ͞5% CO 2 , as described above. z-VAD (100 ng͞ml) was added to one group of cells. The thymocytes with or without z-VAD were stimulated with phorbol 12-myristate 13-acetate (5 ng͞ml) and ionomycin (500 ng͞ml). After 4 hr of incubation and stimulation, the supernatant was obtained. Tumor necrosis factor (TNF)-␣ was assayed in duplicate by ELISA using commercially available kits (Genzyme), as previously described (18) . For each assay, a standard curve was generated and, based on replicates of the measured absorbance, demonstrated an average coefficient of variance of Ͻ10%.
Statistical Analysis. Data reported are mean Ϯ SEM. Data were analyzed with a statistical software program RS͞1 from BBN Software Products (Cambridge, MA). Differences in group survival were analyzed by Fisher's exact p test. All other data were analyzed by one-way ANOVA. Significance was accepted at P Ͻ 0.05.
Results

Sepsis Causes Extensive Apoptosis of T and B Cells.
Thymi and spleens were harvested 18-24 hr after CLP or sham surgery, and cells were isolated from these organs. Flow cytometry demonstrated that sepsis caused a marked increase in apoptosis of Although there was no protection from apoptosis in thymocytes from septic Bcl-2 transgenic mice, both T and B cells in spleens from septic Bcl-2 mice were protected against sepsis-induced apoptosis; * , P Ͻ 0.05 septic vs. sham, n ϭ 5 sham and n ϭ 7-8 septic for both Bcl-2 and B6C3F1 mice. The protection by Bcl-2 was consistent with the greater expression of Bcl-2 in spleen vs. thymus, as seen in immunohistochemical stains (see Fig. 2 ).
thymic T cells and splenic T and B cells in B6C3F1 mice ( Fig. 1  A and B) . In thymi, CD4, CD8, and doubly positive CD4 In Bcl-2 transgenic mice, thymocytes from septic mice had increased apoptosis compared with control mice (Fig. 1C) . In contrast to thymocytes, in the spleen, both B cells (CD19 ϩ ) and T cells (CD4 ϩ and CD8 ϩ ) were protected from sepsis-induced apoptosis and were not different from sham-operated mice (Fig.  1D ).
Bcl-2 Protects Against Lymphocyte Apoptosis. Immunohistochemical staining for human Bcl-2 protein was negative in shamoperated and septic non-Bcl-2-Ig transgenic mice (data not shown). Bcl-2 Ig transgenic mice demonstrated intense expression of human Bcl-2 in spleen (Fig. 2 Top) with a markedly decreased expression of Bcl-2 in thymus [similar to the original description of these transgenic mice (17)] (Fig. 2 Middle) . In the spleen, Bcl-2 was expressed in both the B cell region (lymphoid follicle) and T cell region (periarteriolar lymphoid sheath).
Determination of the degree of apoptosis by flow cytometry and annexin-V labeling demonstrated significant sepsis-induced apoptosis in thymocytes and splenocytes of B6C3F1 but not Bcl-2 overexpressor mice. There was complete protection from apoptosis in both splenic B and T cells of Bcl-2 transgenic mice with sepsis (Fig. 1D ). There was no demonstrable protection against apoptosis in thymocytes from Bcl-2 transgenic mice (Fig.  1C) . To determine whether the lack of protection in thymocytes was the result of the lower level of expression of Bcl-2 in thymi vs. spleen in the Bcl-2 transgenics, light microscopic examination of thymi stained for Bcl-2 expression was performed. Light microscopic examination of thymi from septic Bcl-2 transgenic mice did confirm the antiapoptotic effect of Bcl-2 in thymocytes during sepsis by uniformly demonstrating that none of the thymocytes with apoptotic features of pyknosis or karyorrhexis were positively stained for Bcl-2 (n ϭ 10 septic Bcl-2 transgenic mice) (Fig. 2 Bottom).
z-VAD Prevents Sepsis-Induced Apoptosis in Thymi and Spleens. To reflect the clinical condition, the pan-caspase inhibitor z-VAD was administered 60 min after induction of sepsis by CLP. z-VAD prevented sepsis-induced lymphocyte apoptosis in both thymocytes and splenocytes in a dose-dependent fashion (Fig. 3) .
z-VAD Did Not Block TNF-␣ Production. TNF-␣ is an important mediator of sepsis and can induce apoptosis in certain cells (5) . To determine whether the protective effect of z-VAD could be the result of decreased TNF production, isolated thymocytes were incubated with or without z-VAD and stimulated with 
Overexpression of Bcl-2 Improves Survival in Sepsis.
Bcl-2 transgenic mice (n ϭ 17) and age-and sex-matched B6C3F1 mice (n ϭ 17) underwent CLP to induce abdominal sepsis. Approximately 1 hr postsurgery, mice received antibiotics (metronidazole and cefriaxone) by i.p. injection, and survival was recorded daily. After 7 days, 47% of B6C3F1 mice were alive, whereas 88% of Bcl-2 transgenic mice survived (Fig. 4) ; this improvement in survival was statistically significant (P Ͻ 0.02).
z-VAD Improves Survival in Sepsis.
The dose and time of administration of z-VAD were varied in a series of survival studies. Antibiotics were administered 30 min after CLP in all groups.
In experiment A (Fig. 5) , z-VAD (6 mg͞kg) was administered immediately and 24 hr after CLP. Control mice received the diluent for z-VAD [DMSO in PBS (15% vol͞vol)] immediately after CLP and 24 hr later. After 7 days, there was a 40% survival in the control group vs. a 100% survival in the z-VAD group, and this difference was significant (P Ͻ 0.003).
In experiment B (Fig. 5) , z-VAD (6 mg͞kg) or the diluent for z-VAD was administered 1 hr and 24 hr after CLP. After 7 days, there was a 44.4% survival in the control vs. a 72.2% survival in the z-VAD-treated group. At 82-84 hr, the z-VAD-treated mice had a statistically improved survival compared with the control mice (P Ͻ 0.04).
In experiment C (Fig. 5) , high-dose z-VAD (30 mg͞kg) or the z-VAD diluent was administered 1 hr and 24 hr after CLP to the respective groups. There was no difference in survival between the two groups.
In experiment D (combined results of three separate experiments; Fig. 5 ), intermediate-dose z-VAD (20 mg͞kg) or the diluent was administered 3, 24, and 48 hr after CLP. In one of the three studies, an additional group of mice received z-FA-FMK, which is the negative control for z-VAD (19) (20) (21) . This compound has no effect on caspases. After 7 days, there was an 82.4% survival in the z-VAD group vs. a 43.3% survival in the diluent control group, and this difference was statistically significant (P Ͻ 0.001). There was a 42.9% survival in the z-FA-FMK-treated mice, which was not statistically different from the diluent control group.
In addition to differences in survival, there was a subjective distinction in the general appearance and activity of the z-VADtreated mice vs. the control group. With the exception of the Fig. 4 . Overexpression of Bcl-2 improves survival in sepsis. Generation of the Bcl-2-Ig transgenic mice has been described previously (17) (see Methods). Bcl-2 overexpressor mice and age-and sex-matched B6C3F1 mice underwent CLP. One hour after CLP, mice received metromidazole and ceftriazone as antibiotic coverage (see Methods for details). Antibiotics were repeated every 12 hr for 48 hr, and survival was improved in Bcl-2 overexpressors vs. B6C3F1 mice; * , P Ͻ 0.02. n ϭ number of mice in each group. group of mice that received high-dose z-VAD, i.e., 30 mg͞kg, the z-VAD-treated mice were more active within their cages, had less piloerection, and struggled more during drug injections. These physical differences were noted within a few hours postsurgery and persisted in the z-VAD-treated mice for the duration of the study.
Discussion
Sepsis accelerates lymphocyte apoptosis in both animals and patients. The present study is important because it shows that prevention of lymphocyte apoptosis by either of two completely independent methods, (i.e., caspase inhibition or Bcl-2 overexpression,) is associated with improved survival in our wellcharacterized murine model of sepsis. This work is in agreement with our previous related investigation (18) , in which a different transgenic mouse line that selectively overexpressed Bcl-2 in T cells exhibited little or no T lymphocyte apoptosis and showed markedly improved outcome in CLP-induced sepsis. The present findings, which show that mice that selectively overexpress Bcl-2 in B cells also have improved survival in sepsis, demonstrate an important role for Ig-producing cells as well. Considered together, these series of experiments provide compelling evidence for the critical role of the lymphocyte in resolving severe infection. An effective host response to invading microorganisms must entail a coordinated interplay among the various immunologic cells, including B and T cells and macrophages (22, 23) . For example, lymphocytes produce a host of cytokines that activate macrophages and vice versa. Furthermore, B cells as well as macrophages have an important role as antigenpresenting cells to T cells (24) . The well-documented apoptosis of lymphocytes during sepsis occurs systemically, includes both B and T cells, (2) (3) (4) 25) and is extensive, involving Ϸ12-25% of lymphocytes in spleen and thymus (Fig. 1) . Apoptotic cells undergo rapid phagocytosis, with the entire process lasting less than 2 hr in some cells (26) . Therefore, it is likely that the percentage of lymphocytes that actually undergo apoptosis is underestimated by the present results. This significant decrease in the number of lymphocytes will impact multiple facets of the immunological response and may lead to uncontrolled infection and death.
The present findings call into question the current paradigm for much of contemporary sepsis research, which is based on the concept of organ injury resulting from an uncontrolled inflammatory response (5, 27, 28) . Rather, the present results agree with work of Lederer et al. (29) , who suggest that the major defect in sepsis is an impaired immunologic response to infection. The failure of many antiinflammatory-based therapeutic trials in sepsis, i.e., anti-endotoxin, anti-TNF, anti-IL-1, steroids, anti-platelet-activating factor, etc., to improve outcome in sepsis has led some investigators to question the hypothesis that the major defect in sepsis is uncontrolled inflammation (27, 30) . Recent studies in which administration of the immuneenhancing cytokine interferon-␥ improved outcome in septic patients support our contention that the major defect in sepsis is an inadequate immune response (31) .
A growing body of data suggests that the present laboratory findings are applicable in the clinical arena. Castelino et al. (32) reported that, in hospitalized patients, decreased circulating lymphocytes (lymphopenia) were most frequently the result of sepsis and trauma. Cheadle et al. (33) showed that trauma patients developed lymphopenia that was maximal at day 3. The lowest numbers of lymphocytes occurred in trauma patients who developed infection or death. Rajan et al. (34) noted that patients in whom the circulating lymphocyte count was decreased for at least a 3-day duration had a greatly increased risk of nosocomial sepsis. In a prospective study of 20 patients who died of sepsis and multiple organ dysfunction, we demonstrated caspase 3 activation and focal apoptosis in Ϸ56% of spleens from septic patients (35) . In some spleens, 6-25% of splenocytes were focally apoptotic. Minimal apoptosis was observed in spleens from patients who died of nonseptic causes. Additional indirect evidence of the extensive nature of sepsis-induced lymphocyte apoptosis in septic patients included a profound decrease in the number of circulating lymphocytes and a markedly decreased lymphocyte density in splenic white pulp (35) . Together, these clinical investigations indicate that immunodepression associated with lymphocyte depletion is a marker of severe infection and organ dysfunction.
A second important implication of the present study is the potential for a therapeutic approach to sepsis. Both Bcl-2 overexpression and the broad-spectrum caspase inhibitor z-VAD improved survival. It is possible that lymphocytes may be protected from apoptosis in sepsis by administration of drugs that increase either Bcl-2 or other antiapoptotic Bcl-2 family members, such as Bcl-x L . Among the many effects of IL-2 is induction of Bcl-2 and Bcl-x L (36). IL-2 has been shown to improve survival in certain models of acute bacterial infection (37) , and it is possible that IL-2's protective effect is the result of prevention of lymphocyte apoptosis by production of antiapoptotic Bcl-2 family members.
In this context, there is a tremendous interest in the potential clinical use of caspase inhibitors because of their efficacy in a variety of clinical models, including ischemia͞reperfusion injury in brain (8, 9) and liver (10) , and in the prevention of neuronal cell death in bacterial meningitis (11) . Of particular relevance to the present study is the report by Braun et al. (11) , who noted neuroprotection by caspase inhibition in bacterial meningitis. Although no outcome studies were performed, Braun et al. showed that pneumococcal meningitis caused extensive apoptosis of hippocampal neurons, which was prevented by z-VAD (11). These investigators did not comment on lymphocyte apoptosis in their model. The CLP model employed in the present study is an extensively utilized model that is felt to be the most clinically relevant animal model of sepsis (38) . In the CLP model, apoptosis occurs primarily in lymphocytes with a secondary but diminished involvement of gastrointestinal epithelial cells (4) . No apoptosis occurs in brain, heart, liver, or kidney in the CLP model of sepsis. Importantly, z-VAD was effective in preventing lymphocyte apoptosis in sepsis even when administered after the onset of sepsis. There was improved survival in sepsis even after a 3-hr delay in administration of z-VAD. Thus, a therapeutic window exists in which caspase inhibitors may be effective after the onset of the disorder.
The protective effect of z-VAD on survival in sepsis was lost at the highest dose, i.e., 30 mg͞kg. Although there is no ready explanation for this loss of efficacy at a high dose of z-VAD, it may be related to an unrecognized toxic or nonspecific effect of these compounds. In addition to blocking caspases, fluoromethyl ketone compounds such as z-VAD inhibit a variety of cathepsins that are involved in the inflammatory response (39, 40) . Recent studies have shown that excessive blockade of the inflammatory response in sepsis may worsen outcome in the disorder (25) . Thus, it is possible that z-VAD at high concentrations may impact other aspects of the host response to sepsis.
An interesting finding noted in the splenocytes of the Bcl-2 overexpressors was the decrease in apoptosis in the T cells (Fig.  1) . Given that Bcl-2 was overexpressed only in B cells, it is surprising that the T cells would also be protected. We observed a similar phenomenon in Bcl-2 transgenic mice in which Bcl-2 overexpression in T cells was associated with decreased apoptosis in B cells as well (18) . As we speculated in the previous studies (18) , a potential paracrine effect may be responsible for the cross-cell protection. Su et al. (41) demonstrated that paracrine apoptosis occurred in Jurkat T cells and was mediated by shedding of Fas ligand. Therefore, if B cell apoptosis is decreased in the spleen, neighboring T cells may also be protected.
Cytokines such as TNF-␣ are important mediators of the septic response (28) and may induce apoptosis in certain cells. Therefore, one way in which z-VAD may be protective could be by reducing cytokine production in sepsis. The present results showing that z-VAD-treated cells do not make less TNF-␣ compared with untreated cells suggest that the protective effect of z-VAD is not related to blockade of TNF-␣ production, although effects on other proapoptotic cytokines are not excluded.
In summary, prevention of lymphocyte apoptosis in sepsis results in a marked improvement in survival. Immune depression resulting from the loss of lymphocytes may be the key factor in inability to survive sepsis. Caspase inhibitors may represent a therapeutic approach in the treatment of sepsis.
